We present an analysis of the meteorological data collected at Dome A, Antarctica by the Kunlun Automated Weather Station, including temperatures and wind speeds at eight elevations above the snow surface between 0 m and 14.5 m. The average temperatures at 2 m and 14.5 m are −54
Introduction
Dome A-the highest location on the Antarctic Plateau at an elevation of 4,089m-has long been considered to be an excellent site for astronomical observations over a broad range of the electromagnetic spectrum (e.g., Gillingham 1991 , Marks 2002 , Burton 2010 , and references therein). Dome A's advantages include extremely low temperatures, an extremely dry atmosphere (Sims et al. 2012) , low wind speed, and long periods of continuous cloud-free nighttime.
Other sites in Antarctica, such as the South Pole itself, Dome C, and Dome Fuji, are also promising, and have been extensively studied over many years with a variety of instruments. Astronomers are particularly interested in the layer within tens or hundreds of meters of the surface over the Antarctic plateau since a number of studies (e.g., Marks et al. 1999 , Lawrence et al. 2004 ) have shown that the transition to the free atmosphere occurs within this height range, as opposed to 1-2 km from typical observatory sites at temperate latitudes.
At the South Pole, Marks et al. (1996) used microthermal sensors on a 27 m mast to measure the turbulence in the lowest part of the boundary layer at South Pole. Marks et al. (1999) extended the altitude coverage by using balloon-borne microthermals to estimate a free-atmosphere seeing component of 0.37 above a boundary layer with an average thickness of ∼220 m. Travouillon et al. (2003) confirmed these results using a sonic radar able to reach heights of 890 m above the surface, and derived a ground-based average seeing of 1.73 , dropping to 0.37 above 300 m.
At Dome C, Lawrence et al. (2004) used a MASS-DIMM instrument and a SODAR to measure a median free atmospheric seeing of 0.23 above a boundary layer that was less than 30 m high. Aristidi et al. (2005) analyzed two decades of temperature and wind speed data from an automated weather station, and four summers of measurements with balloon-borne sondes. Trinquet et al. (2008) used balloon-borne measurements to find that the median value of the boundary layer height at Dome C is 33 m.
At Dome Fuji, astronomical seeing at times below 0.2 has been reported from a DIMM instrument 11 m above the snow surface (Okita et al. 2013 Yang et al. 2010) . For example, using data from a sonic radar, Bonner et al. (2010) found that the median boundary layer thickness at Dome A between Missing up until now has been a detailed analysis of the meteorological conditions at Dome A from mast-based instruments. Such measurements can give direct information on the atmospheric turbulence and wind speed in the boundary layer, and are relevant to the operating environment of future telescopes, and the performance of adaptive optics systems (Aristidi et al. 2005) . In this article, we present the first results from analyzing the weather data collected from the Kunlun Automated Weather Station (KL-AWS) at Dome A. Data acquisition and reduction are described in §2. A statistical analysis of temperature and wind speed data are presented in §3. Finally, a discussion is given in §4.
Data acquisition and reduction
KL-AWS was installed in 2011 January by the 27th CHINARE team (see Fig. 1 When the CHINARE expedition revisited Dome A at the beginning of 2012 it was found that the top section of the weather tower had bent over and almost touched the ground. From looking at the data we determined that the tower likely failed on 2011
September 16 (see Fig. 3 ). Before that date there were often large temperature differences between the sensors, but after September 16 the higher sensors showed no differences.
Unless otherwise stated, this paper restricts itself to the continuous period of data up until 2011 August 3.
To reduce the short-term fluctuations in the data, we have smoothed the temperature data by a boxcar of 10 adjacent data points. Fig. 4 shows an example of the results where the short-term fluctuations are removed while the temperature trends remains. All the following analyses are based on the smoothed temperature data.
Results

Temperature and Temperature Difference
Using data over the entire year, we show the temperature distributions at snow surface level and at −1 m (1 meter below surface) in Fig. 5 . As expected, the snow temperature at −1 m has a much smaller range than the air temperature. Due to snow accumulation, we believe the sensor at the snow surface level was buried under snow later in the year and could not provide accurate air temperature measurements. This can be seen clearly in We note the temperature distribution of −1 m shows multiple spikes in the right panel of -7 -
The temperature distributions at the other heights are shown in Fig. 6 with all data up to 2011 August 3. They all show a single peak distribution.
We plot the daily median temperature in Fig. 7 to show the long-term trend which follows the seasonal pattern. The daily median temperature at 2 m was ∼ −35
• C in January, went down rapidly to ∼ −60
• C in April, and was as low as ∼ −70
• C during the dark winter before it slowly rose again. Compared with that of South Pole, we find that there is no significant difference in monthly median temperature between South Pole and Dome A (see Fig. 2 in Hudson and Brandt 2005) . The trend of the daily median temperature is also similar to that at the South Pole.
Because of the radiatively-cooled snow surface, it is not surprising that there is strong temperature inversion just above the snow surface of Dome A. To compare the temperatures at two levels spanning more than 10 m in height, Hudson and Brandt (2005) found at South Pole that for 99.9% of the time there was a positive temperature difference between 13 m and 2 m. We found the same for our data at Dome A between 12 m and 2 m. However, the median temperature difference at Dome A was 6.9
• C, which is much larger than the difference of 1.1 • C at South Pole. This shows that the strength of the temperature inversion at Dome A is much greater than that at South Pole.
We plot the temperature gradients at all levels between 2011 January and August in Although the daily temperature obviously varies with the elevation of the Sun in the summer season as seen in the top panel of Fig. 3 , we found that the temperature difference in a day has little relationship with the Sun. In Fig. 12 we fold the temperature difference at 6 m into one day for February, March and May, and also plot the temperature difference against the solar elevation. In February of 2011, the temperature difference at 6 m seems to be larger at night and seems to be related to the Sun, but in March when the Sun still rises and sets at Dome A, we do not find a preferable time for larger temperature differences and there is no evidence of correlation between ∆T and solar elevation.
As an indicator of the stability of the atmosphere, we are mostly concerned with how long a temperature inversion lasts. We show a clear example of two days' data in mid May, 2011 in Fig. 8 where a temperature inversion exists at all heights. We evaluated the temperature inversion (i.e., temperature difference) at each height with respect to the temperature sensor immediately below. To evaluate the duration of a temperature inversion at all heights, we need to define a real temperature difference quantitatively. While the temperature sensors have a specified absolute accuracy of 0.32
• C, our data show that the variation in consecutive measurements is much smaller than this (see Fig. 4 ). We have subtracted the smoothed data from the original data and calculated the standard deviation as σ = 0.033 • C. Therefore, we set a 3σ temperature difference threshold of 0.14 • C, above which we regard it as a real temperature inversion rather than random measurement error.
We choose all the temperature difference data points larger than 0.14 • C, and counted how long the inversion lasted. The results are shown in Fig. 13 and Table 1 . A temperature inversion existed more than 70% of the time at all heights, and up to 95% at a height of 6 m. We note that when a temperature inversion occurred, it lasted at least 25 hours for more than ∼40% of the time at all heights and up to 78% at 6 m. For less than 10% of the time, the temperature inversion lasted under 1 hour.
We also note that the median duration of the temperature inversion increased from 2 m to 6 m and then decreased with height. There are two possible reasons for this trend. One is that the air turbulence is stronger at the lower elevation, the other is that sudden strong wind can destroy the temperature inversion at higher elevations (see the next subsection for wind speed statistics).
Wind speed and direction
The distributions and cumulative statistics for the wind speed at three heights are shown in Fig. 14 . The peak at 0 m/s, accounting for about 10% of the time, simply means there was no wind, or the wind speed was too low to be detected by the sensors, or the sensors got stuck (see below). At 4 m, the wind speed was lower than 1.5 m/s for half of the time, and seldom reached 4 m/s. The wind speed increases with height above the snow. At 9 m and 14.5 m, the median wind speeds are 2.0 m/s and 2.4 m/s, respectively, and could often reach 4 m/s. This can also be clearly seen in the wind rose plots (Fig. 15) . We notice that there is no dominant wind direction for all three heights. The obvious gaps in the wind roses are caused by the mast of KL-AWS which blocked wind in that direction.
We have shown the wind speed and direction between January and August in Fig. 16 and Fig. 17 , and noticed that when there is virtually no wind, it was mostly during the polar night when the Sun never rose. However, for some extended periods during April to June, the wind speeds were flat in the plots and were 0 m/s or very low. This makes us to worry that it is possible that the propellers of the anemometers got stuck sometimes at low temperatures. Fig. 17 shows again that the wind directions are random and they are synchronized very well at the three heights.
We have compared the average wind speeds at Dome A, Dome C, and the South Pole in Table 2 and find that the horizontal wind speed at Dome A at 4 m was only 1.5 m/s, much smaller than the ground wind speed of 2.9 m/s at Dome C and 5.5 m/s at the South Pole.
In order to investigate whether the temperature gradient is related to wind speed, we plot the wind speeds at 4 m, 9 m and 14.5 m against temperature gradients at 4 m, 9.5 m and 14.5 m respectively in Fig. 18 . Stronger temperature inversion always occurred when the wind speed was lower. When the wind speed is higher than 2.5 m/s at 4 m, the temperature gradient was never larger than 0.7 • C/m. We also see the same trends at 9 m and 14.5 m, but with different specific wind speeds of 4.1 m/s and 5.3 m/s, respectively. It therefore seems that at the higher elevations, the positive temperature gradients are smaller, but more resistant to wind.
Air pressure
The barometer at the height of 1 m worked correctly for the entire year. Fig. 19 and 20 shows the data and the distribution. The average air pressure at Dome A was 586 hPa with a standard deviation of 8 hPa. We do not find any clear relationships between the air pressure and the temperature difference or wind speed at 4 m (Fig. 21 ).
Conclusion and discussion
We have analyzed the weather data collected from KL-AWS at Dome A during 2011.
The average temperature between January and July was −54
• C at 2 m and −46
• C at 14.5 m.
We have found that there is usually a strong temperature inversion at all the heights above the ground. The temperature inversion, defined here as a positive temperature difference larger than 0.14 • C, existed more than 70% of the time at all heights and up to 95% at 6 m.
Such inversions lasted longer than 25 hours for more than about 40% of the time at all heights, and almost 80% of the time at 6 m. Most largest negative temperature differences (no inversion) occurred during January and February and most strong temperature inversion occurred when the temperature fell between −65
The average wind speed at 4 m is 1.5 m/s, which may be the lowest reported from any site on earth. The wind speed at higher elevation is slightly stronger. We also notice that for ∼ 10% of the time there is almost no wind or the wind speed was too low to be detected by the sensors, this usually happens during the dark polar night. However, there also seems to be evidence that the wind speed sensors might have been stuck sometimes at low temperatures. The wind on the Antarctic continent is dominated by katabatic winds, therefore the wind speed should be very small and the wind direction should be random above the highest point (Dome A). Hudson and Brandt (2005) found that the strongest temperature inversion often happened with a 3-5 m/s wind at the South Pole, but we find that strong temperature inversion happens when the wind speed is low, such as less than 2.5 m/s for the height of 4 m; when the wind speed is higher than 2.5 m/s the temperature gradient decreases sharply.
It has been known for a long time that the surface of the Antarctic plateau is prone to temperature inversions due to radiative cooling of ice, and hence a lower air temperature near the surface. As Basu and Porté-Agel (2006) pointed out, whenever a temperature inversion exists, turbulence is generated by shear and destroyed by negative buoyancy and viscosity. Competition between shear and buoyancy weakens turbulence and results in a shallower boundary layer. We list the monthly median boundary layer heights of Dome A in 2009 (Bonner et al. 2010 ) and the monthly median temperature difference at 4 m during 2011 in Table 3 and compared them in The strong temperature inversion and low wind speed at Dome A both produce a very stable atmosphere and a stable boundary layer with little convection, especially in winter. When the temperature inversion happens as low as 2 m, we expect the boundary layer can be much lower too. Above the shallow boundary layer, we can reach the free atmosphere where the seeing will be good for astronomical observations. In other words, there will be periods when even telescopes that are very close to the ground will experience free-atmosphere seeing approaching 0.25 .
We have demonstrated that the weather data collected by KL-AWS at different heights are very useful to characterize the stability of the near-ground atmosphere at Dome A and can provide insights for evaluating the site for astronomical observations. We plan to continue the experiment with a new weather tower and monitor the site for at least 2-3 years so that we can have better statistics and understanding of the site.
The data from KL-AWS are available in raw form at http://aag.bao.ac.cn/weather/ downloads/ and as plots at http://aag.bao.ac.cn/weather/plot_en.php Note. -The temperature inversion is evaluated at each height with respect to the temperature sensor immediately below ( §3.1). 
